Introduction
Eukaryotic chromosome ends, or telomeres, consist of repetitive DNA sequences and a collection of protective proteins that are crucial for chromosome stability (de Lange, 2009; Jain and Cooper, 2010) . Aberrations in the DNA repeat tracts or the protective proteins have been shown to induce chromosome re-arrangements. Owing to the 'end-replication' problem, chromosome termini experience progressive telomere loss with each cell division (Harley et al., 1990) . This process eventually generates critically shortened telomeres that limit further cell proliferation by triggering a DNA-damage response (d'Adda di Fagagna et al., 2003) . Progressive telomere loss can be counter-balanced by telomerase, which extends telomeres by using an integral RNA component as the template (Autexier and Lue, 2006; Blackburn and Collins, 2011) . Telomerase expression is repressed in normal somatic cells, but up-regulated in cancer cells, conferring these cells with increased proliferative potential. Telomerase inhibition has been validated as a useful anti-cancer strategy and telomerase inhibitors are in clinical trials for treating a variety of cancers (Buseman et al., 2012) .
In addition to the end replication problem, recent studies suggest another important source of telomere attrition, i.e., the barriers to replication fork progression in telomere repeat tracts. Specifically, the heterochromatic nucleoprotein structure as well as the propensity of Grich telomere repeats to form higher order structures may pose special challenges to the core replication machinery, causing frequent fork stalling and collapse (Martinez and Blasco, 2015) . Accordingly, besides the standard replication factors (i.e., polymerases and processivity factors), efficient telomere replication is now believed to require many other accessory proteins (Martinez and Blasco, 2015) . Multiple helicases and recombinational repair proteins (e.g., BLM, WRN, RTEL, FEN1, RAD51, BRCA2 and DNA2) have been implicated in surmounting replication blocks or repairing stalled forks, thereby promoting replication through telomeres (Badie et al., 2010; Lin et al., 2013; Martinez and 2015). When these factors are reduced or eliminated, abnormal telomere structures such as multi-telomeric signals (MTSs) and ultrafine bridges (UFBs) are observed at increased frequencies. Notwithstanding substantial work, the extent of challenge faced by the telomere replication machinery, as well as the precise roles of the repair proteins, remains poorly understood. It is not known, e.g., how frequently and where the forks stall and collapse in the absence of repair proteins. It is also unclear if helicases or repair proteins all work in the same pathway to promote fork stabilization and progression. A recent study suggests that repair deficiency of cancer cells may induce hyper-sensitivity to inhibitors of telomere replication (e.g., G-quadruplex-binding compounds) (Zimmer et al., 2016) . A better understanding of the molecular mechanism of telomere replication can therefore facilitate the development of targeted therapies. Interestingly, the functional requirement for repair proteins such as RAD51, BRCA2 and BLM in telomere replication is most evident in mammalian cells. Budding yeast orthologs of these proteins, for example, have not been demonstrated to mediate a similar function (Martinez and Blasco, 2015; Lue and Yu, 2017) . The reason for this discrepancy in unknown, but one possible explanation is that the irregular telomere repeats of budding yeast may be less likely to form structures that retard fork movement.
Besides promoting telomere replication, helicases and recombination proteins have also been shown to directly mediate telomere elongation in telomerase-negative cells through specialized recombination pathways. In fungi, multiple 'survivor' pathways characterized by distinct telomere features and genetic requirements have been described (McEachern and Haber, 2006; Eckert-Boulet and Lisby, 2010) . In human cancer cells, a pathway named ALT is known to be responsible for telomere elongation in the 10-15% of cancers that lack telomerase activity. Understanding the roles of repair proteins at telomeres is thus crucial for understanding multiple telomere maintenance pathways.
As mentioned before, repair protein-deficient budding yeast mutants do not fully recapitulate the telomere phenotypes of comparable mammalian mutants, making it difficult to model the telomere replication defects of mammalian cells. An alternative fungus that promises to provide new insights on the roles of repair proteins at telomeres is the Basidiomycete Ustilago maydis, initially developed by Robin Holliday for the study of recombinational repair. Unlike standard budding and fission yeast, U. maydis bears a telomere repeat unit that is identical to the mammalian sequence (Guzman and Sanchez, 1994; Yu et al., 2013) . U. maydis also contains a telomere nucleoprotein complex and a recombination-repair machinery that are remarkably similar to those in mammals, particularly in regard to the use of the BRCA2 ortholog Brh2 to promote recombinational repair (Holloman, 2011) . Two of our recent observations highlight the striking resemblance of the U. maydis telomere regulatory mechanisms to those in humans. First, just like the human KU complex (but unlike any other system that has been studied to date), the U. maydis Ku complex is essential for cell viability and the loss of Ku expression causes massive telomere aberrations (de Sena-Tomas et al., 2015; Yu et al., 2015) . Second, the two core recombination proteins in U. maydis (i.e., Rad51 and Brh2) and the Blm helicase are all required for normal telomere maintenance in telomerase-positive cells (Badie et al., 2010; Yu et al., 2013; ; deleting each gene causes a significant reduction in telomere lengths in the mutants. Thus, the recombination repair proteins in U. maydis may play a role in promoting telomere replication, just like their human counterparts. In the current study, we seek to further develop U. maydis as a system for investigating the contributions of repair proteins to telomere maintenance. We characterized the telomere dynamics of rad51D, brh2D and blmD mutants in telomerase-positive and negative cells, investigated the relationship between bulk telomere lengths and senescence, and assessed the effects of repair protein deficiency on survivor formations. Our results support the notion that telomere replication defects may cause the truncation of telomeres, which, if not adequately compensated by telomerase, may lead to telomere shortening and premature senescence. We also uncovered distinct contributions of Rad51, Brh2 and Blm to different survivor pathways in U. maydis, which display different mechanistic and regulatory features from those reported for the standard budding yeast. Finally, we demonstrated a direct physical interaction between Blm and two telomere binding proteins in U. maydis, suggesting plausible means by which this helicase may be regulated at telomeres, and further underscoring the similarities between Ustilago and mammals in regard to telomere regulation.
Results
U. maydis trt1 deletion causes progressive telomere loss and the emergence of type I-like survivors Because we are interested in understanding the roles of repair proteins in both telomerase-positive and telomerasenegative cells, we first characterized the U. maydis telomerase-null mutant. Bautista-Espana et al. recently reported the identification of U. maydis Trt1 (the catalytic subunit of telomerase), and demonstrated telomere loss and the emergence of survivors in the trt1D mutants (Bautista-Espana et al., 2014) . Notably, most of the TRF (telomere restriction fragment) analysis in this study was conducted using a sub-telomeric probe, making it difficult to compare the findings to typical assays that employ the telomere repeat probe. We therefore generated new trt1D clones in our own laboratory strain background (UCM350), and characterized the telomere dynamics of the mutants by hybridizing PstI-digested DNA to a telomere repeat probe (Yu et al., 2013) . The 23 chromosomes that make up the U. maydis genome carry multiple classes of subtelomeric sequence, resulting in a complex TRF pattern ( Fig.  1A and B) (Guzman and Sanchez, 1994; Sanchez-Alonso and Guzman, 1998; Yu et al., 2013 ). Similar to previously described budding and fission yeast mutants, the U. maydis trt1D strain suffered progressive telomere loss at a rate of 2-3 bp/generation (Fig. 1B) . After 200 generations of passage, the colony size became uniformly smaller, indicative of senescence (Fig. 1C) . This was accompanied by the accumulation of very short (250 bp) TRF fragments (Fig. 1B) . Based on existing literature and our previous analysis, these short fragments were probably due to telomeres bearing the UTASa subtelomeric element, which has a PstI site 200 bp proximal to the terminal repeats (Fig. 1A , diagram for UT4) (Yu et al., 2013) . At about 250 generations, faster growing colonies that are reminiscent of budding and fission 'survivors' can be observed (Fig. 1C, white arrow) . Southern analysis of multiple, independently derived survivors revealed the consistent amplification of an 350 bp fragment that hybridized strongly to the telomere repeat probe (Fig. 1B and Supporting Information Fig. S1A , marked by a filled arrowhead). In some clones, an 750 bp fragment could also be visualized (Supporting Information Fig. S1A , marked by A. Schematic illustrations of two cloned telomeres (UT-4 and UT-6) that carry two classes of subtelomeric elements known as UTASa and UTASb (Sanchez-Alonso and Guzman, 1998) . The UTASa element contains a PstI site that is 200 bp from the terminal repeats, and give rise to TRFs that are 600 bp in wild type cells (Sanchez-Alonso and Guzman, 1998; Yu et al., 2013) . B. Chromosomal DNAs were isolated from the parental wild type (UCM350) and the trt1D mutant following successive re-streaking on plates, and subjected to Southern analysis of telomere restriction fragments. The filled arrowhead points to the 350 bp fragment frequently amplified in the survivors. C. trt1D cells at the indicated passages were streaked onto a YPD plate and grown for 2 days at 308C. A larger-sized, survivor-like colony at 250 generation is indicated by a white arrow.
an open arrowhead). Both the 350 bp and 750 bp fragments can hybridize to an UTASa probe, suggesting that they represent amplification of variants of this sequence (Supporting Information Fig. S1B ). Notably, BautistaEspana et al. had also observed in their survivors a 350 bp, PstI-generated fragment that annealed to subtelomeric probes (Bautista-Espana et al., 2014) . The amplification of a restriction fragment that hybridizes to telomere and subtelomeric probes is characteristic of a class of S. cerevisiae (budding yeast) telomerase-null cells known as type I survivors. During continued growth in liquid medium, the yeast telomerase null mutant preferentially gives rise to a different type of survivors characterized by heterogeneously sized telomere tracts (type II) (Teng et al., 1999) . However, none of the thirty trt1D survivor clones that we propagated continuously in liquid culture (derived initially from three independent trt1D transformants) generated type II survivors (Supporting Information Fig. S1C ). Therefore, unlike S. cerevisiae, U. maydis trt1D mutant rarely generates type II-like survivors (see later for a few exceptions).
The roles of Blm, Rad51 and Brh2 at telomeres in telomerase positive cells
To address the roles of repair proteins at telomeres, we focused on the Blm helicase and the two core recombination factors Rad51 and Brh2. Mammalian BLM has been shown previously to promote telomere replication, possibly by resolving replication barriers formed by the G-rich telomeric DNAs (Zimmermann et al., 2014) . RAD51 and BRCA2 have also been reported to enhance telomere replication, though the precise mechanisms are not understood (Badie et al., 2010; Zimmer et al., 2016) . We showed previously that deleting U. maydis blm, rad51 and brh2 each caused substantial telomere loss (Yu et al., 2013; (Fig. 2) . However, rather than undergoing progressive shortening as in the case of trt1D mutant, the telomeres of the repair gene mutants are stably maintained. To gain further insights into the roles of these proteins, we generated combination mutants and compared the growth and telomere phenotypes of the single and combination mutants. Because both Rad51 and Blm are required for efficient gene knockout in Ustilago, we first complemented a rad51D clone with a self-replicating plasmid copy of rad51, then deleted blm, and screened for clones that lost the rad51-bearing plasmid in order to obtain the rad51D blmD double mutant. Accordingly, to better compare the different mutants, we used the rad51D blmD strain carrying the rad51 plasmid to represent the blmD single mutant ( Fig. 2A) . To compare telomere lengths in different strains more quantitatively, Fig. 2 . Analysis of the telomeres of the blmD, rad51D, and blmD rad51D mutants during passage.
A. Genomic DNAs from the indicated strains were isolated after multiple passages on plates, and then subjected Southern analysis of TRFs. For each clone, the samples correspond to 125, 150 and 175 generations of growth after the derivations of the strains. The asterisks are used to denote the fact that the rad51D clones were obtained following the loss of the rad51 complementing plasmid. Samples that are further analyzed in Supporting Information Fig. S2 are marked by arrows at the bottom. All the panels were from the same gel; uninformative portions of the blot were cropped out. B. The average lengths of the shortest cluster of TRFs in each strain were quantified (see Experimental procedures) and plotted. Data (average 6 S.D.) are from five or more samples. Statistical significance was calculated using two-tailed t-test and designated as follows: *, p < 0.01; **, p < 0.001.
we focused on the shortest cluster of TRFs. In the parental strain, this cluster ranges in size from 0.5 to 1.1 Kb and appears to consist of at least two overlapping peaks, centered around 600 bp and 1 Kb (Supporting Information Fig. S2 , the plot for UCM350). These peaks probably correspond to TRFs with different subtelomeric sequences. The 600 bp peak in particular, is likely due to TRFs bearing the UTASa subtelomeric sequence and comprising 400 bp of terminal repeats and 200 bp of subtelomeric DNA (Yu et al., 2013) . Consistent with the existence of TRFs carrying different subtelomeric tracts, a pair of overlapping peaks can also be observed in the shortest TRF cluster of some mutants (Supporting Information Fig. S2 , the plot for rad51D* and rad51D* blmD). Because it is not possible to de-convolute these peaks reliably, we included both in the calculation of mean TRF lengths. Similar to our previous results (Yu et al., 2013 , the telomeres of the blmD and rad51D mutants were shorter than those found in the parental strain ( Fig. 2A) . Whereas the mean TRF length of the parental strain was 771 bp, those of the blmD and rad51D single mutants were 553 bp and 647 bp respectively (Fig. 2B) . The blmD rad51D double mutant had telomeres that were 535 bp long on average, similar to those in blmD. It is worth noting that the calculated mean TRFs for the wild type and rad51D strain in this work are about 150 bp shorter than those in a previous work, which incorporates all TRF signals that were shorter than 3 kb in the calculation (Yu et al., 2013) . However, the difference in TRF lengths between wild type and rad51D is the same in the old and new study (120 bp). We also found that the short telomeres in the repair mutants were stably maintained for up to 175 generations during continuous passages (data not shown). Our results suggest that each repair factor contribute to telomere maintenance in telomerasepositive cells, possibly by promoting telomere replication. The more severe phenotype of the blmD mutant in comparison to rad51D suggests that Blm plays a more dominant role in telomere maintenance.
Senescence phenotypes of trt1D blmD, trt1D rad51D and trt1D brh2D double mutants
To gain further insights into the interplay between repair factors and telomerase in telomere maintenance, we generated and characterized the trt1D blmD, trt1D rad51D and trt1D brh2D double mutants. Again because of the role of rad51 and blm in homologous recombination, we used rad51D and blmD complemented with plasmid copies of the respective genes as the starting strains to generate double knockouts. Notably trt1D blmD exhibited senescence that is comparable to the trt1D single mutant, and yielded survivors as readily as trt1D (Fig. 3A) . To better compare the strains, we used trt1D blmD complemented with blm as the trt1D control in this experiment. Because the initial 'blmD1blm' strain used in this experiment had shorter than wild type telomeres, both trt1D blmD and trt1D blmD1blm exhibited earlier senescence, at 150 generation (compare Fig. 3A to Fig. 1C) . In contrast to these mutants, the trt1D brh2D and trt1D rad51D double mutants exhibited accelerated senescence, and eventually, complete loss of viability when propagated on semi-solid medium. In particular, the trt1D brh2D and trt1D rad51D double mutants gave rise to extremely small colonies after just 125 generations of growth (Fig. 3B) . Furthermore, unlike the other mutants, trt1D brh2D and trt1D rad51D could not generate survivors even after prolonged incubation on plates (Fig. 3B) .
We next determined if survivors would be generated in trt1D brh2D and trt1D rad51D double mutants by continuous growth in liquid media. Similar to their growth phenotypes on plates, the trt1D brh2D and trt1D rad51D combination mutants exhibited accelerated senescence in continuous liquid culture (Fig. 3C) , with the latter displaying the most rapid senescence, on day 2 (Fig. 3C) . However, both trt1D brh2D and trt1D rad51D eventually generated survivors after continuous outgrowth in liquid medium, and the eventual growth rates of these survivors were similar and somewhat slower than the trt1D survivors (Fig. 3C ).
The telomeres of the telomerase/repair combination mutants during passage and after survivor formation To gain insights into the distinct senescence phenotypes of the double mutants, we analyzed the telomere dynamics of these mutants during passage. Telomeres in the trt1D blmD mutant exhibited similar rates of shortening as those in trt1D, and manifested the amplification of the 350 bp fragment at similar passages as that in trt1D (i.e., at streak 4 to 6) (Fig. 4A) . As noted earlier, because the starting 'blmD1blm' strain for this experiment has shorter than wild type telomeres, the TRFs in these assays are shorter than those at comparable passages in previous assays (e.g., compare streak 2 TRFs in Fig. 4A and Fig.  1B) . Interestingly, even though trt1D brh2D showed accelerated loss of viability relative to the trt1D, the telomeres of the two mutants at comparable passages were similar (Fig. 4C ). At streak 3 or 4 on semi-solid medium, corresponding to 75 or 100 generations of growth after gene deletions, the TRF lengths of trt1D brh2D and trt1D were each about 250 bp to 500 bp. Similar results were obtained with the trt1D rad51D double mutant (data not shown). Thus, the more severe growth defects of trt1D brh2D and trt1D rad51D cannot be readily explained by their bulk telomere lengths. Because trt1D brh2D and trt1D rad51D failed to grow after four streaks on plates, it is not possible to compare the TRFs of these mutants to those in trt1D beyond 100 generations.
Next we analyzed the telomeres of the double mutant survivors. Southern analysis revealed in all twenty of the trt1D blmD survivors amplification of the 350 bp fragment characteristic of type I survivors (Fig. 4B) . Interestingly, in the control samples for this experiment, which are survivors from trt1D blmD clones complemented with blm on a plasmid (i.e., genetically equivalent to the trt1D single mutant), we found two clones (out of 21 total) with heterogeneously sized telomeres (Fig. 4B , marked by two bottom arrows; Supporting Information Fig. S3 ). This observation suggests that type II-like survivors can form at low frequencies in the trt1D single mutant. In contrast to trt1D blmD, the survivors from the trt1D brh2D and trt1D rad51D mutants possessed exclusively type II-like telomeres, i.e., heterogeneously sized telomeres (from < 0.25 kb to > 10 kb) without amplification of a discrete fragment (Fig. 4D) . This was shown to be the case for 25 independently derived survivors (Supporting Information Fig. S4) . Notably, the overall TRF signals in some survivors are much stronger in comparison to others (e.g., samples 2 and 3 in Supporting Information Fig.  S4 ), and we confirmed that the difference was not due to variations in the amount of DNA applied to the gel. This observation suggests that that different survivor clones may display different levels of recombination activity, Fig. 3 . The senescence phenotypes of the trt1D blmD, trt1D rad51D and trt1D brh2D double mutants.
A. trt1D (i.e., trt1D blmD1blm) and trt1D blmD cells at the indicated passages were streaked onto YPD plates and grown for 3 days at 308C. The experiment was repeated three times and the growth pattern for each strain was similar. B. Two different clones of the specified strains at the indicated passages were streaked onto YPD plates and grown for 3 days at 308C. The experiment was repeated three times and the growth pattern for each strain was similar. C. The indicated strains were subjected continual dilution and growth in liquid media over an 11-day period as described in Experimental procedures. For each genotype, the results from at least three independently passaged cultures were quantified and the data plotted as averages 6 S.D.
resulting in different levels of telomere DNA synthesis. The exclusive formation of type I survivors from trt1D blmD and type II survivors from trt1D brh2D and trt1D rad51D mutants support the notion that Blm is required for the type II pathway, and Brh2 and Rad51 are evidently required for the type I pathway.
ALT-like telomere structures in Ustilago type II survivors
We have previously shown that the repression of U. maydis Ku70 or Ku80 induces acute ALT-like telomere phenotypes: extremely long and heterogeneous telomeres, high levels of C-circles, and dramatic accumulation of unpaired Fig. 4 . Telomere restriction fragment analysis of trt1D, trt1D blmD, trt1D rad51D, and trt1D brh2D strains during senescence and after survivor formation A. Chromosomal DNAs were isolated from the indicated strains after the specified number of streaks on plate, and subjected to telomere restriction fragment Southern. B. Chromosomal DNAs were isolated from the UCM350 parental strain as well as multiple survivor clones of trt1D blmD and trt1D blmD1blm mutants, and subjected to telomere restriction fragment Southern. C. Chromosomal DNAs were isolated from the indicated strains after the specified number of streaks on plate, and subjected to telomere restriction fragment Southern. D. Chromosomal DNAs were isolated from two parental clones and multiple survivors of trt1D rad51D and trt1D brh2D mutants, and subjected to telomere restriction fragment Southern.
C-strand. Notably, the pattern of telomere length distribution in the type II survivors generated by the trt1D brh2D and trt1D rad51D mutants is somewhat similar to that in the ku mutants. Thus, we also tested these survivors for the manifestation of other ALT telomere characteristics. As shown in Fig. 5A and B, the level of C-circles (the most specific marker of ALT activity) was increased in type II survivors, but not in type I survivors derived from trt1D single mutants. Again similar to the ku mutants, increased amount of G-circles was also detected in some type II survivors, but the extent of increase was less than that for C-circles (Fig. 5B) . Furthermore, the signal for unpaired C-strand was elevated, just like the ku mutants (Fig. 5C) . Thus, similar recombination mechanisms appear to be triggered in the ku mutants and type II survivors. However, as judged by the various telomere abnormalities, the levels of recombination activity in type II survivors were much lower than those in the ku mutants (e.g., 4 to 20-fold lower C-circles) (Fig. 5) . It is worth noting that in accordance with the variability in overall telomere signal, there was also substantial variability in the severity of the various ALT phenotypes in the type II survivor clones. Interestingly, these phenotypes were roughly correlated with one another. For example, the clone with the strongest telomere signals (the first trt1D rad51D clone) also possessed the highest levels of C-circles and unpaired C-strand (Fig. 5) . However, because only a few clones of each genotype were examined, the validity of this correlation will have to be confirmed in a larger sample set. It seems likely that the difference in phenotypic severity is not due to any fundamental difference in recombination mechanism, but to some stochastic variables that affected the frequency of recombination events. For example, the chromatin structure of telomeres during and following the activation of the survivor pathway could impact on the frequency of recombination. In addition, the variable timing of survivor emergence (see Fig. 3C ) could also influence the severity of telomere phenotypes.
Direct interaction of Blm with Trf1 and Pot1
Our data suggest that Blm and Rad51-Brh2 play multiple roles in telomere maintenance. One plausible mechanism is that the recruitment or activities of these factors may be regulated by telomere-bound proteins. Indeed, it has been shown that human BLM interacts with TRF1, TRF2 and POT1 and the BLM helicase activity is regulated by these telomere proteins (Stavropoulos et al., 2002; Opresko et al., 2005) . Therefore, we tested for possible interactions between Blm and telomere binding proteins. In U. maydis, a number of candidate shelterin components have been identified based on sequence similarity, but the structural organizations of these components are somewhat different from the mammalian counterparts (Supporting Information Figs S5 and S6A) (Sanchez-Alonso and Guzman, 2008; Yu et al., 2013) . For example, while U. maydis Pot1 contains three OB fold domains that are similar to the human POT1 OB folds (see Supporting Information Fig. S5A and B for the alignments of OB1 and OB2), it also possesses a long N-terminal extension (350 Fig. 5 . ALT-like telomere phenotypes of the U. maydis type II-like survivors. A. DNAs from multiple survivor clones obtained after prolonged culturing of trt1D, trt1D rad51D and trt1D brh2D were subjected to telomere Southern analysis. For comparative purposes, DNAs from the parental strain (UCM350) and from a ku70-deficient mutant (ku70 nar1 ) were analyzed in parallel. B. The same DNAs were subjected to C-circle and G-circle assays. C. The same DNAs were analyzed for the levels of unpaired C-strand by in-gel hybridization.
amino acid long). Likewise, the putative UmTrf1 shows limited similarity to other family members, aligning well to the human homologs only in the Myb domain (see Supporting Information Fig. S5C for alignments of the Myb domains). Moreover, while human TRF1 and TRF2 carry just one Myb domain near their respective Ctermini, UmTrf1 carries two consecutive Myb domains near its N-terminus and structurally resemble the duplex telomere binding protein in Yerrowia lipolytica named Tay1 (Kramara et al., 2010) . Since these putative U. maydis telomere proteins have not been characterized before, we first analyzed their DNA-binding properties. Using gel electrophoretic mobility shift assays, we found that purified Trf1 binds with high affinity to double stranded telomere repeats and Pot1 to G-strand repeats (Supporting Information Fig. S6B and C) . The K d for Trf1-DNA interaction is 20 nM, and that for Pot1-DNA interaction 3 nM respectively. As predicted, Trf1 exhibits no G-strand binding activity, and Pot1 has no affinity for duplex telomere repeats (Supporting Information Fig.  S6C ). Thus, the U. maydis Trf1 and Pot1 homologs have the predicted telomere DNA-binding properties.
Next, we investigated the physical interaction between Blm and Trf1, as well as between Blm and Pot1 using epitope-tagged fusion proteins (Fig. 6A) . Pull down assays showed that partially purified His-SUMO-Trf1 and His-SUMO-Pot1 can each be co-precipitated with Blm-FLAG by anti-FLAG resin and then co-eluted from the resin, indicating that the two telomere proteins bind directly to Blm (Fig. 6B and C) . Notably, the His-SUMOTrf1 and His-SUMO-Pot1 fractions used for pull down analysis contained abundant proteolytic fragments, but only the full-length proteins and large fragments were efficiently precipitated (marked by vertical brackets in Fig. 6B and C) , supporting the specificity of the interactions and indicating that the middle to C-terminus of Trf1 and Pot1 are required for binding Blm. Therefore, just like human BLM, U. maydis Blm may be regulated by both duplex and single strand telomere-binding proteins (Stavropoulos et al., 2002; Opresko et al., 2005) .
Discussion
In this study, we aimed to further develop Ustilago maydis as a genetically tractable system to address the roles of recombination repair proteins at telomeres. The focus was on a DNA helicase (Blm) and two core recombination proteins (Rad51 and Brh2) that have previously been implicated in telomere regulation and that are believed to be mechanistically distinct. Our analysis revealed multiple contributions of these repair factors in both telomerase-positive and negative cells, and further highlight the similarities between U. maydis and mammals with respect to telomere regulation.
Our analysis of single and double deletions of rad51, brh2 and blm in telomerase-positive cells revealed a significant role for each factor in telomere maintenance, possibly in telomere replication. Notably, all of the single and double mutants exhibited short telomeres that were stably maintained from the earliest time point at which telomeres can be measured following the knockout, i.e., about 100 generations. This observation suggests that the loss of the repair proteins probably resulted in quite frequent and significant telomere truncations that could A. The fusion proteins used for the pull down assays are schematically diagrammed. The predicted molecular weights for the fusion proteins are indicated below the diagrams. B. His-SUMO-Trf1 (T) was subjected to pull down by Blm-FG (B) as described in Experimental procedures. The input and FLAG-peptide elution fractions were analyzed for the levels of His-SUMO-Trf1 and Blm-FG by Western using anti-His and anti-FG antibodies respectively. C. Same as b except that His-SUMOPot1 (P) was used as the prey in the pull down assays. not be fully compensated by telomerase-mediated elongation, at least initially. At some point before 100 generation elapsed, a new equilibrium was established such that the rate of telomere truncation was balanced by telomerase-mediated extension. (It is also possible that a small percentage of cells with severely truncated telomeres become slow growing such as that they are under-represented in the population and not detected in the assays.) In addition, the slightly more severe phenotype of the blmD mutant in comparison to that of rad51D suggests that the former plays a more dominant role. That the rad51D blmD double mutant exhibits comparable telomere shortening as blmD suggest that both factors help to resolve similar replication problems. One possibility is that Rad51 and Brh2 may help to stabilize stalled replication forks, whereas Blm may disrupt DNA secondary structures that act as replication barriers. Even though the forks could be stabilized by Rad51 and Brh2, replication may not proceed without the resolution of the barrier by Blm.
Even though Rad51 and Blm may help to resolve similar replication problems, their mechanisms of action are likely to be distinct, as suggested by the different phenotypes of the trt1D blmD, trt1D rad51D, and trt1D brh2D double mutants during senescence. Whereas trt1D rad51D and trt1D brh2D manifested accelerated loss of viability, and failed to yield survivors on plates, trt1D blmD exhibited growth characteristics that were similar to trt1D. Interestingly, all of the single and double mutants showed similar rate of telomere shortening, making it difficult to attribute the differences to bulk telomere length. Recent studies of metazoan BRCA2 and RAD51 revealed new functions for these proteins that could provide an alternative explanation. Specifically, both BRCA2 and RAD51 (but not BLM) have been shown to protect stalled replication forks from MRE11-dependent degradation (Hashimoto et al., 2010; Schlacher et al., 2011) . It is possible, therefore, that the combination of short telomeres and ssDNA exposure caused by fork degradation are responsible for the synthetic sickness that we observed in the trt1D rad51D and trt1D brh2D mutant. Clearly, further studies will be necessary to test this and other plausible hypothesis.
It is also clear that Rad51, Brh2 and Blm play important and distinct roles in survivor formation. As described earlier, the U. maydis trt1D single mutant has a strong propensity to yield type I survivors characterized by the amplification of subtelomeric sequence, and even with prolonged culturing in liquid media, these type I clones are rarely replaced by type II-like survivors with heterogeneously sized telomere tracts. Similarly, trt1D blmD gives rise exclusively to type I survivors, supporting the notion, well established in S. cerevisiae, that Sgs1 (the Blm ortholog) is required for the type II pathway. In contrast, the trt1D rad51D and trt1D brh2D mutants generated exclusively type II-like survivors with very heterogeneously sized telomeres. None of these double mutant survivors were type I, indicating that Rad51 and Brh2 are probably required for the type I pathway. This is consistent with previous studies showing that S. cerevisiae Rad51 is required for the equivalent pathway in budding yeast (Chen et al., 2001) . The additional requirement for Brh2 (which is not present in budding yeast, but which promotes Rad51-mediated strand exchange in Ustilago) supports the notion that Rad51-catalyzed strand exchange is fundamental to this pathway. The low frequency of type II survivors in the trt1D single mutant suggests that the type II pathway in Ustilago may be subject to repression or confer too little growth advantage to out compete the type I pathway. This is in contrast to budding yeast, where the growth advantage of type II survivors results in their dominance in long term liquid cultures (Teng and Zakian, 1999; Teng et al., 2000) . Thus, our data point to similarities as well as substantial differences in the regulation of survivor pathways by recombination repair proteins in different fungi.
Notably, type II survivors from the trt1D rad51D and trt1D brh2D mutants exhibit many of the ALT telomere characteristics, including heterogeneously sized telomeres, accumulation of C-circles, and increased levels of unpaired C-strand Dilley and Greenberg, 2015) . We showed previously that these characteristics are also induced by repressing ku70 or ku80 in U. maydis, suggesting that similar telomere recombination mechanisms are responsible. However, the survivors are distinguished from the ku mutants in two important respects. First, the type II survivors remain viable and do not progress to the 'late stage' of ku repression, when all the telomere repeats are excised from chromosome ends . Second, the general levels of ALT activities in these survivors are significantly lower than that of the ku mutants, as judged by total telomere DNA contents, C-circle abundance, and unpaired C-strand signals (e.g., typically 4-to 20-fold lower levels of C-circles). While the underlying reasons for these differences are not understood, one possibility is that in the survivors, the Ku complex may continue to antagonize the activities of key ALT factors such as Blm and Mre11 . It is also worth noting that C-strand and C-circles have not been reported to accumulate in S. cerevisiae type II survivors, despite what appears to be similar mechanisms of recombination in these survivors (e.g., the utilization of Sgs1/Blm for this pathway). While the reason of this difference between Ustilago and S. cerevisiae is not understood, distinct interaction between repair proteins and telomere proteins is an obvious possibility.
Indeed, an emerging feature of repair proteins that act on telomeres is their physical interaction with a component or components of the telomere nucleoprotein assembly. Among the repair factors listed in the Introduction, direct physical interaction with telomere proteins is most well established for mammalian BLM, WRN and DNA2 (Stavropoulos et al., 2002; Lillard-Wetherell et al., 2004; Opresko et al., 2005; Lin et al., 2013; Zimmermann et al., 2014) . Notably, budding yeast orthologs of these proteins have not been shown to bind telomere proteins. In contrast, we uncovered direct physical interactions between U. maydis Blm and Trf1 as well as between Blm and Pot1, further highlighting the similarities between this fungus and mammals. Even though the equivalent interactions are well established for the mammalian proteins, the mechanisms and physiologic significance of these interactions are largely unexplored (except for one study showing that BLM-TRF1 interaction is required for telomere replication [Zimmermann et al., 2014] ). Our continued development and characterization of the U. maydis telomere system thus promise to provide new insights into telomere regulation.
Experimental procedures

Ustilago maydis strains and growth conditions
Standard protocols were employed for the genetic manipulation of U. maydis (Kojic et al., 2002; K€ amper, 2004; Brachmann et al., 2004) . All U. maydis strains used in this study were haploid and were derived from the UCM350 background (Banuett and Herskowitz, 1989; Kojic et al., 2002) and are listed in Supporting Information Table 1 . rad51, brh2 or blm null mutants were constructed by replacing the entire open reading frames with cassettes expressing resistance to nourseothricin (Nat R ), geneticin (G418 R ) or hygromycin (Hyg R ) as described previously (Kojic et al., 2006; Mao et al., 2009; Yu et al., 2013) . To generate rad51D blmD double mutant, a rad51 null strain was first transformed with self-replicating plasmids carrying both the CBX R selection marker and rad51 (Kojic et al., 2005) . This was followed by disruption of blm using an hph cassette. Finally, the rad51 complementing plasmid was lost by continuous streaking on YPD plates without carboxin, resulting in rad51D blmD double mutants. Two different trt1 null strains were constructed by replacing the entire open reading frame with cassettes expressing resistance to either hygromycin (Hyg R ) or nourseothricin (Nat R ). The trt1 disruption cassette with the HYG R marker was constructed by standard methodology, whereas the disruption cassette with nat marker was freshly generated for this study using Gibson Assembly (NEB) as follows. Briefly, three sets of primers (Supp Table 2 ) were used to generate three overlapping fragments: (i) 5 0 UTR of trt1 linked to the 5 0 end of the nourseothricin ORF, (ii) the complete nourseothricin ORF flanked by short segments from the 5 0 and 3 0 UTR of trt1, and (iii) 3 0 end of the nourseothricin ORF linked to 3 0 UTR of trt1. The PCR fragments were used as starting substrates for Gibson Assembly, and the full-length reaction products were cloned into a vector for further application.
To generate the trt1D rad51D, trt1D brh2D and trt1D blmD double mutant strains, the complementing plasmid for rad51, brh2, or blm was introduced to each null strain before trt1 disruption as described above for the construction of rad51D blmD.
Growth analysis in liquid culture
The clones were passaged in liquid cultures by dilution to 2 3 10 5 cells/ml on each day followed by 20 h of growth over an 11-day period. The population doubling for each 20 h of growth (prior to dilution) was calculated and plotted.
Telomere length and structural analyses
Southern analysis of telomere restriction fragments (TRF) was performed using PstI digested DNA as described previously (Yu et al., 2008 (Yu et al., , 2013 . The blots were hybridized to either telomere repeat probes (UmC8 and UmG8) or an UTASa probe (generated by PCR using UT-F and UT-R oligos) (Supporting Information Table S2 ). U. maydis has 23 chromosomes in its haploid genome and several distinct subtelomeric elements, hence a complex TRF pattern. To calculate mean TRF lengths, a plot of the hybridization signals as a function of DNA lengths was generated for each lane by ImageQuant in order to identify the shortest TRF cluster. The size of DNA that divides the area under the cluster into two equal halves was taken as an approximation of mean TRF length. The in-gel hybridization assays that detect unpaired G-and C-strand have also been described . C-circle and G-circle assays were carried out by the rolling circle amplification method as reported previously (Henson et al., 2009 ) with some modifications. Genomic DNAs (10 ng for C-circles and 20 ng for G-circles) were combined with 10 ll 0.2 mg/ml BSA, 0.1% Tween, 1 mM each of required dNTP (i.e., dATP, dGTP and dTTP for C-circles; dATP, dCTP and dTTP for Gcircle), 13 U29 Buffer and 5 U U29 DNA polymerase (NEB) and incubated at 308C for 16 h. U29 DNA polymerase was then inactivated at 658C for 20 min. For quantification, the reaction products were dot-blotted onto a 23 SSC-soaked nylon membrane and the DNAs were UVcross-linked onto the membrane. G-strand products of Ccircle assays and C-strand products of G-circle assays were hybridized at 458C with 32 P-labeled UmC8 and UmG8 probes (Supporting Information Table S2 ) respectively. The membranes were further processed according to the standard telomere Southern protocol as described above. Signals obtained by scanning the Phosphor plates were quantified using ImageQuant software (Molecular Dynamics).
Purification of Trf1 and Pot1 and DNA-binding assays
The U. maydis trf1 and pot1 coding sequences were amplified from genomic DNA using primer pairs that amplify the wild type genes fused to a C-terminal FLAG tag. The PCR fragments were cloned into the pSMT3 vector to enable the expression of His 6 -SUMO-Trf1-FG and His 6 -SUMO-Pot1-FG fusion proteins. BL21 codon plus strains bearing the expressing plasmids were grown in LB supplemented with kanamycin and induced by IPTG as previously described . Each fusion protein was purified by (i) Ni-NTA chromatography, (ii) ULP1 cleavage and (iii) anti-FLAG affinity chromatography as previously described (Lue et al., 2014) . For DNA binding assays, purified Trf1-FG or Pot1-FG was incubated with 1-10 nM P 32 -labeled probe and 0.5 mg/ml BSA in binding buffer (25 mM HEPES-KOH, pH 7.5, 5% glycerol, 3 mM MgCl 2 , 0.1 mM EDTA, 1 mM DTT) at 228C for 15 min, and then subjected to native gel electrophoresis followed by PhosphorImager analysis. The DNA-Trf1-FG complex was analyzed in gel and buffer that contained 0.2 x TBE because higher ionic strength inhibited complex formation. In contrast, the DNA-Pot1-FG complex was analyzed in gels and buffer with 1 x TBE to minimize protein aggregation.
Anti-FLAG pull down assays
The FLAG-pull down procedure was based on a previously published method with slight modifications (Lue and Chan, 2013) . The proteins utilized include His-SUMO-Blm-FG, His-SUMO-Trf1 (no FLAG tag), and His-SUMO-Pot1 (no FLAG tag). Each protein was expressed in E. coli, and partially purified over a Ni-NTA column before use. His-SUMOBlm-FG was subjected to ULP1 cleavage and then incubated with FLAG-beads at 48C for 2 h to immobilize the protein onto the resin. The resin was washed four times in FLAG(250) buffer (50 mM Tris-HCl, pH 7.5, 250 mM NaCl, 10% glycerol, 0.1% NP-40, 2.5 mM MgCl 2 , 1 mM DTT), and then used directly in pull down assays. Each pull down assay contained 30 ml resin in 300 ml FLAG(65) buffer (same as FLAG(250) except that NaCl was at 65 mM) and 0.5-1.0 mM target proteins (i.e., His-SUMO-Trf1 and His-SUMO-Pot1 fractions obtained from Ni-NTA chromatography). Following incubation with constant mixing on a rotator at 48C for 1 h, the beads were washed 4 times with 0.5 ml of the FLAG(100) buffer, and then the bound proteins eluted with 60 ml FLAG(150) containing 0.2 mg/ml FLAG 3 peptide. The eluates were analyzed by Western using appropriate antibodies.
